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RHO-RE-EV-11

ABSTRACT

Dry wells are drilled around each of the 149 single-shell under-
ground waste tanks at the Hanford Site. The recently derived "Dry Well
Radioactivity Response Equation* (RHO-ST-34) is a scientifically valid
and technically correct basis for establishing the freguency of periodic
monitoring of radiation levels in these dry wells. This latter conclu-
sion is the principal finding of a special Rockwell Hanford Operations
Review Committee commissioned to perform an independent, critical, and
comprehensive fechnical analysis of the scientific and mathematical
legic and methodology underlying the dry well radicactivity response
equation. As part of the deliberations of the Review Committse, an
analytical model (diffusion model) of the motion of the plume from a
leaking single~shell tank was derived by rigorous solution of the par-
tial differential equations governing the motion of fluids through soils.
Of great significance, the diffusion model yields results essentially

aquivalent fo those produced by the dry well radicactivity rasponse
equation.
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INTRODUCTION

Solidified high-level wastes containing varying amounts of 1liquid
are storad in 149 underground singie-shell tanks at the Hanford Site.
These tanks are menitorad routinely to detect promptly any liquid Teaks.
Monitoring systems embrace egquipment to measurs both Tigquid levels in
the tanki and gamma activity in steel-encased dry wells drilled around
gach tank.

Coincident with the solidification of the major portion of the
Hanford defense high-lavel liquid waste, the dry well monitoring system
has become more important as a primary leak detection device. A ¢riti-
cal part of the overall dry well monitoring scheme is the establishment
of a suitable tank-by-tank monitoring frequency. This fact was recog-
nized in the so-called Catlin report (Catlin, 1980}, which stated: "For-
mal criteria are needed to redetermine the surveillance frequency for
each tank and the development of such criteria is recommended, taking
into account pertinent technical factors such as available monitoring
systems, tank contents, and their relative mobility." The Catlin report
motivated a comprehensive study within Rockwell Hanford Operations
(Rockwell) that culminated recently with the issuance of the report
entitled "A Scientific Basis for Establishing Dry Well-Meonitoring Fre-
quencies" (Isaacson and Gasper, 1981).

Rockwell has recently changed over to the new dry well monitoring
frequency schedule recommended in the Isaacson-Gasper report. Anticipat-
ing this action and recognizing {its importance and significance, Rockwell
early-om* commissioned & special in-house Review Committes to perform
an independent critical and comprehensive analysis of the methodology,
logic, and assumptions used by Isaacson to derive a dry well radioactiv-
ity response equation (dry well response equation). The Rockwell Review
Committee (Raview Committee) was empowered to seek (and did seek) opin-
jons and counsel of outside experts and was also chartered to investigate
alternative approachas to deriving a dry well response equation. The
Review Committee has now completed its deliberations and its findings
are summarized in this report.T

The work of this Review Committee was funded by the Surveillance
and Maintenance (WA) end function of the Waste Management Program.

*whiTe the [saacson-Gasper report was still in its first draft
form.

TMe. Isaacson joined the Review Committee for the last half of its
tenure. Membership on the Review Committee enabled Mr. Isaacson to be
fully informed about the principal findings and recommendations of the
committee and to incorporate them in the final version of the Isaacson-
Gasper document.
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SUMMARY AND CONCLUSIONS

This report presents significant findings and other relevant aspects
of a special Review Committee., This Review Commitiee was convened to
perform an independent, critical, and comprehensive technical analysis
of the scientific and mathematical logic and methodology underlying the
dry well response equation. Motivation for performance of such a review
was provided by a recent Rockwell management decision to use the dry
well response equation as the basis for setting the freguency of peri-
odic monitoring of radiation levels in dry wellis drilled around single-
shell underground waste tanks at the Hanford Site.

The Review Committee, composed of seven highly experienced and
qualified Rockwell scientists and engineers, was chartered to:

& Perform a detailed evaluation of the validity of the assump-
tions upon which the dry well response equation is based

o Arrange for critical review of the dry well response squation
by qualified external experts and evaluate their findings

¢ Consider, develop, and evaluate alternative approaches to
derivation of a dry well response equation.

On the basis of its extensive deliberations, the Review Conmittee
finds that the dry well response equation is a scientifically valid and
technically correct basis for establishing the frequency of periodic
monitoring of radiation levels in dry wells. The strongest support for
this conclusion is provided by the finding that a rigorousiy derived
analytical model (diffusion model) of the motion of a plume from a leak-
ing tank yields results essentially equivalent to those produced by the
dry well response equation. The Review Committee, as well as thres
external reviewers, concurs that assumptions and approximations used to
derive the dry well response equation are generally reasonable and well
foundead.

REVIEW COMMITTEE: MEMBERS AND ORGANIZATIONAL DETAILS

REVIEW COMMITTEE MEMBERS

Seven senjor scientists and engineers (Table 1) from the Research
and Engineering and Health, Safety and Environment funciions served on
the Review Committee. Each member was carefully selected on the basis
of his extensive professional experience and qualifications and to ensure
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TABLE 1. Makeup of Review Commnitftee,
Rockwell Professional
Naine Titled organizational componentd discipline
H. A. Forrester Senior Statistician Statistics & Mathematics Unit Mathenatician

K. A. Gasper

R. E. Isaacsond

A. H. Lu

S. J. Phillips

R. C. Routson

W. W. Schulz
(chairman)

Program Engineer

Chief Scientist

Staff iHlydrologist

Staff Scientist

Staff Soil Scientist

Chief Scientist

Research & Engineering

Program Engineering Department
Research & Engineering

Program Engineering Department
Research & Engineering

Hydrological Sciences Unit
Health, Safety & Environment

Technology Development Unit
Research & Engineering

Geological Sciences Unit
Health, Safety & Environment

Program Engineering Department
Research & Engineering

Nuclear Engineér
Chemical Engineer
Rydrologist

Sail Physicist
Soil Scientist

Chemist

3\t the time of Review Committee's tenure.
Bioined Review Committee midway through its deliberations.

~A3-2v-0HY
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a properly balanced array of scientific and engineering disciplines.
Mr. Isaacson, who derived the dry well Tresponse equation, joined the
Review Committee after it had begun its deliberations.

REVIEW COMMITTEE CHARTER

After considerable discussion, the Review Committee agreed to the
charter given below. The Review Committee concluded that risk assess-

ment was not part of its charter and did not attempt to relate dry well

monitoring to leak location or to the probability of detecting a leak
of a given size.

The Raview Committee's charter called for an independent, critical,
and comprehensive technical analysis and review of the scientific and
mathematical logic and methodology underlying the dry well response
equation. This review is to:

¢ List assumptions upon which the dry well response equation is
based

o Perform a detailed in-house (Rockwell) evaluation of the valid-
ity of these assumptions

¢ Arrange for critical review of dry well response equation
(bases, logic, etc.) by qualified external experts; evaluate
findings of external reviewers

¢ Consider, develop, and evaluate alternative approaches to
derivation of a dry well response equation

® Prepare a report summarizing deliberations and findings of
Review Commitiee.

PROVISION FOR EXTERNAL (NON-ROCKWELL) REVIEW

From the outset, the Review Committee recognized clearly the need
for an objective appraisal of the rationale and methodology employed by
Isaacson in deriving the dry well response equation by competent and
qualified scientists outside Rockwell. Accordingly, arrangements were
made and completed to have three experienced professionals* of Battelle's

3
Consent of these reviewers to 1ist their names in this reoort of
the Review Committee was not sought or obtained prior to preparation of
their comments. For this reasan, the external reviewers are identified-
only by number in this report.
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Pacific Northwest Laboratory review in detail a draft of the Isaacson-
Gasper report before its publication. The irdividuals chosen by the
Review Committee were selected on the basis of their known expert in-
depth knowledge of one or more aspects of the equipment and methods
used to detect radiation in Hanford dry wells and of the hydrological
and other characteristics of Hanford soils and sediments.

Edited versions of the comments of the three external reviewers
are presented in Appendix Aj;* summaries of the Review Committea's ra-
sponse to the issues raised by the extarnal reviewers are also reported
in Appendix A. As noted in the Review Committee's chronology, the com-
ments of the external reviewers and the response of the Review Cammittee
were available prior to the formal publication of RHO-ST-24 {Isaacson
and Gasper, 1981).

CHRONGLOGY OF INTERNAL (ROCKWELL) REVIEW

Significant events during the 1ife of the Review Committee are
recorded below:

February 1981 Review Committea formally commissioned,
selected, and organized.

April 1981 Charter of Review Committee formulated and
agreed to. ‘

February-August 1981 Review Committae meetings on an approximate
biweekly schedule,

June 1981 Alternative (analytical) model and approach
to "dry well response equation" developed
and documented.

June 1981 Received comments from External Reviewers 1
. and 2.

July 1981 Received comments from Extarnal Reviewer 3.

July 1981 Review Committee conducted intensive review

of comments from Extarnal Reviewers 1 and

»

August 1981 Raview Committee conducted intensive review
of comments from External Reviewer 3.

1'Only some personai comments not germane to the technical material
have been deleted from the versions.

w
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Decembar 1981 RHO-ST-34, A Scientific Basis for Estab-
lishing Dry Well-Monitoring Fredquencies”
1ssued.,

April 1982 Rough draft of final report of Review Com-

mittee completed.

October 1982 Final report of Review Committee issued.

ORY WELL RESPONSE EQUATION: BASES AND ASSUMPTIONS

Dry wells have been drilled around each of the Hanford single~
shell waste tanks (Figure 1). Sensitive radiation detection equipment
is periodically inserted in these wells to detect any radicactivity
that may have leaked from the tanks. The dry well reponse equation was
derived to define a scientific basis for establishing the frequency of
monitoring dry wells for the approach of radioactivity from a leaking
tank. Monitoring frequency depends on the response characteristics of
the radiation detection system.

Isaacson and Gasper (1982) state that the recommended principal
criteria for establishing the frequency of monitoring dry wells are:

"l. The monitoring interval shall be established to assure that
the incremental volume of waste that is released, between the
time of first detecting a significant increase in count rate
(20 ¢/s [counts per second, or counts/sec] above baseline)
and the time that the immediately preceding radiation survey
was made of that dry well, will not exceed 1,375 gal (i.e.,
equiva1§nt to a Tiquid-level decrease in the waste tank of
0.5 in.}.

2. When the count in a dry well exceeds the baseline level by
20 counts/sec, the monitoring frequency will be increased in
that dry well and in adjacent dry wells.

3. The minimum monitoring interval for a dry well shall ensure
that the count rate does not exceed an action level of
160 counts/sec above the baseline level within the period
between successive readings for more than 10% of the possible
leaks within the nearest range of that dry well.®
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Equation 1 is the dry well response equation derived by Isaacson:

. 3
_{.3 £ & ny At -
ATrg ‘("-{ b"[_?_‘} [“’910 "t—‘4t~)+ (‘3‘63 1°9102>]} )us (1)

Most of the terms in Equation 1 are defined in Figures 2 and 3, which
jllustrate the fundamental aspects of the Isaacson model, Of the remain-

ing terms:

nt = count rate at time t (t = time when the count rate is at
the agtion Tevel of 160 counts/sec above background
level).

t-At = time when count rate is at the alert level of
20 counts/sec above background level.

ni-At = count rate at time t - At.

¢ = detector calibration factor {0.918) for standard
scintillation probe that relates dose rate in R/hr to
count rate in c/sec.

1j = effective mean tenth-value thickness of soil., (Note:
The thickness of soil that reduces dose rate by one-tenth
equals the effective tenth-value thickness.)

The dry well response equation is derived from the variation in dose
rate (R/hr) as a function of source strength, variations in dose attenu-
ation by the soil as the radioactive waste front approachas the dry
well, response of the radiation detector (counts/sec) as the dose rate
changes (instrument calibration), distance of the dry well from the

tank leak source, leak rate, geometry of the soil wetted by the leaking
waste, and the hydrologic properties of the soil.

The six key assumptions made by Isaacson in deriving the dry well
response equation are listed in Table 2. A major task of the Review
Committee was, as previously stated, to determine if thesa assumptions
are valid and sufficiently conservative.
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TABLE 2. Key Assumptions Made in Deriving Ory
Well Response Equations.

No. Assumption
1 L2ak plumes have approximate spherical geometry.
2 The soil moisture content remains nearly con-
stant during the leak.
3 ggeggolumetric moisture content, g, of the soil
4 The maximum tank leak rate, s, is 0.03 gal/min.
5 Radioactive ruthenium is a satisfactery waste

front tracer.

6 . The leak occurs on the perimeter of a tank at a
point «12 ft on either side of the nearest
distance to a dry well.

REVIEW OF ASSUMPTIONS

ASSUMPTION 1. LEAK PLUMES HAVE APPROXIMATE
SPHERICAL GEOMETRY

In their report, Isaacson and Gasper state, "The geometry of an
oblate spheroid was chosen for 200 West Area after examining the
241-T-106 plume. The cubic root dependence of the radius to total vol-
ume Teaked may not apply in sadiments that exhibit stronger layering.
In strongly layered soils, the contamination front will move much fur-
ther and faster. For this, one might hypothesize a square root depend-
ence of count rate versus time.” :

Naed/Basis for Assumntion

After joining the Review Committee, Isaacson provided some addj-
tional information regarding the basis for the assumption that the ge-
ometry of leak plumes in the 200 East Area can be approximated by a
sphere while the geometry of such plumes in 200 West Area can be approx-
imated by an oblate spheroid whose diameter is twice its height. Isaacson
stated that these assumptions were based not only on the characteriza-
tion of actual Teak plumes, particularly that of the 241-T-106 Tank

11
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Teak in 200 West Area,* but also on results of infiltration studies
such as those depicted in Figure 3 (a and b) of RHO-ST-14 (Routson et
al., 1979). Copies of these figures are reproduced in this report as
Figure 4(a} and {b).

Concerning the plume shown in Figure 4(b), Isaacson points out

.that its shape illustrates the generality of assumptions about the geo-

metry of plumes from actual wastes in a fluvial deposit of graded sedi-
ments. Where fine-textured sediments overlie coarser materials,
liguids will be moved preferentially in a horizontal direction by
capillary forces. HNote, for example, the "tail" on the wetted plume in
Figure 4(b) where a fine-grained sediment is between two coarse layers.
When leak rates are small and there is insufficient 1iquid to saturate
the sediments, the available moisture will be retained by those layers
having the highest capillary potential. 1In such cases, the leak plume
will have the dimensions of the contro]11ng layer and will depend on
the total volume of liquid available.’

Isaacson emphasized that when leak rates are very low, the capil-
lary potential of the fine-grained sediments provides a high degree of
horizontal control of the leak plume geometry. Isaacson noted that
arguments about the spherical nature of Teak plumes at Hanford are sup-
ported by material in the text by Hillel (1971).

Beyond Isaacson's input, the Review Committes noted that, in gen-
eral, the morphology of the wetting front as liquid infiltrates into
glaciofluvial sediments is a function of numerous complex and inter-
related variables. These include: (1) location and shape of the leak
in the tank wall; (2) Tiquid properties (e.g., viscosity, surface ten-
sion, hydraulic head, etc.); (3) fluid transport within the tank (e.qg.,
quantities and location of liquid and solid waste within the tank,
horizontal and vertical components of fluid transported in the tank);
and (4) soil properties (conductivity, diffusivity, hydraulic
gradients, initial and incremental liquid contents, retentivity,
stratigraphy, isotropic nature, and homogeneity). The stratigraphy of
undisturbed geologic media extending below and laterally from the high-
level waste storage tanks at the Hanford Site is known te vary from
location to location {Price and Fecht, 1978).

The Review Committee agreed that any program to characterize in
full the stratigraphy of the sediments under each waste storage tank at
the Hanford Site would be both extensive and expensive. Further, even
if the soil stratigraphy were fully characterized, evaiuation of
wetting

*

Lu (1980) recentiy reported results of computer-assisted modeling
of the transport of 1liquid and radionuciides from the 241-T-106 Tank
leak through vadose zone soils. His results indicate that the leak
plume has the shaps of an oblate spheroid with an anisotropic ratic of
15:1.
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(b) After 24 hours
FIGURE 4. Typical Horizontal and Vertical Movement of

of Liquids in Hanford Formation Sediments Under Partially
Saturated Conditions.

13
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front morphclogy under a variety of potential tank leak conditions would
be even more difficult. Thus, some simplifying assumption (e.g., approx-
imate spherical shape) about leak plume geometry is warranted.

Yalidity of Assumption 1

In assessing the validity of assumption 1, the Review Committee
noted that, because of the anisotropic and heterogeneous characteristics
of the geologic media and because of the forces (matric and gravity)
acting on and within the flow domain, the morphology of the wetting
front of a 1iquid leaked from a waste tank can change with time over
the duration of a leak. Thus, during initial point source infiltration
into unsaturated isotropic homogeneous geologic media, spheroidal mor-
phology may indeed prevail. After a longer time, however, a nearly
fRocsre spheroid with the vertical axis longer than the horizontal can
result (Hillel, 1980). In media of layered sequence of texturally dif-
ferent materials, such as is common to the Hanford Site, an extremaly
complex morphology that varies over time can result (Miller and Gardner,
1962). Also, preferential flow channels that may transmit liquid at a
much higher rate than under isotropic homogeneous infiltration conditions
have been observed during vertical infiltration in layered geological
media (Raats, 1973). Such flow channels, if they occur in Hanford sedi-
ments, cannot, of course, be adequately represented by a plume with
spherical shape.

The Review Committee also disdussed advantages and disadvantages
of assuming only one kind of wetting front morphology {(i.e., either
perfect sphere or oblate spheroid) in deriving the dry well response
equation. An important consideration here is that the gamma energy
flux from radionuclides in a Jeak zone to a detector located at any
point in a dry well is more attenuated by the soil in a zone of spheri-
cal shape than one in the form of an oblate spheroid. Although not
examined in detail, it appears that a response equation derived for
plumes of assumed oblate spheroid (with diameter twice the height) may
predict that dry wells should be monitored at a freguency slightly
greater than that needed to meet the three principal criteria laid down
by Isaacson and Gasper (1981). Conversely, a response equation derived
for plumes of perfect spherical shape may predict a dry well monitoring
schedule slightly less frequent than required to comply with the prin-
cipal Teak detection criteria.

Review Comnmittze Findings

From their deliberations, the majority of the Review Committee
found that the assumption of spherical and oblate spheroidal geometry
of plumes of leaks from tanks in the 200 East and 200 West Areas, re-
spectively, is reasonable and acceptable. This finding is based upon:

¢ A recognized need for a simplifying assumption about leak
plume shape

14
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& The shape of the alume from the 241-T-106 Tank Teak

e Experimental data reported by Routson et al. (1979), and also
in TiD-2-6431 (1973)

s Lack of any overwhelming reason to choose a geometry other
than approximate spherical.

ASSUMPTION 2. THE SOIL MOISTURE CONTENT REMAINS
CONSTANT DURING THE LEAK

Isaacson and Gasper said, “The soil moisture content is redistrib-
uted rapidly when the total moisture content reaches about 14 vol%; an
incremental increase of about 8 vol¥% over average ambient soil condi-
tions. Leakage from the tank is assumed to control leak rate, not soil
permeability. Because of the very high capillary potential or soil -
suction, soil moisture does not accumulate nor is allowed to build up
near the tank. If this happened, the time for the water front to reach
the dry well would be increased.”

Need/Basis for Assumption

Reasonable approximations to the shape of plumes of any liquid
leaked from waste storage tanks are provided by assumption 1. There is
alsc a need to establish what forces drive and control transport of
leaked liguid through the soil. Assumption 2 is made to satisfy this
need,

Again, after joining the Review Committee, Isaacson provided much

vaiuable insight as to the rationale and basis for assumption 2. Isaacson's

extended comments, which are quoted here, were made primarily in response
to early questions of the Review Committee about the validity of assump-
tion 2. Isaacson's comments follow:*

"These assumptions pertain to the empirical model used to
reprasant the net effect of soil moisture transport in the
calculations and do_not describe the actual conditions of
moisture transport in the sediments [Mote: Emphasis supplied
by compiler (WWS) of this report.! However, the results of
the calculations are in general agreement with field measure-
ments and are also in agreement with the approach of Green
and Ampt as discussed in the text by Hillel (1980).

*
Minor editorial changes have been made to the comments submittad

by Isaacson to W. W. Schulz to fit them to the format of this report.

15
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"As noted by Hillel, a Darcy-type eguation can be applied
directly for horizontal infiltration:

K(H -H.)
L4l _ 2o Ff7
TEET L (2)

where
i = flux into soil and through the transmission zone
I = cumulative infiltration
K = hydraulic conductivity of the transmission zone
Hg = pressure head at the entry surface

Hf = effective prassure head at the wetting front

-
4
It

distance from the source to the wetting front
(i.e., Tength of wetted zone).

"Green_and Ampt assume & uniformly wekted zone extends all
the way to the wetted front. [Note: Isaacson's emphasis.]
Under these conditions, the cumulative infiltration I should
be equal to the product of the wetting front distance Lf and
the wetness increment A8 = 8¢ - 63 where 8y s the transmis-
sion zone wetness during infiltration and Ty is the initial
profile wetness which prevails beyond the wetting front.

“By inspection, i in Egquation 2 can be compared to the source
term s (tank leak rate) in the dry well response equation
{Equation 1]; A8 can be compared to g, the soil moisture con-
tent [Figure 2]; and I can be compared to @, the total gquan-
tity of liguid infiltrated to the soil [Figure 2]. Thus,

I =s idt = it = st and, therefore, [ = ( = st.

"While arguments may be made for alternative models, this
model is affective because the soil suction (capillary poten-
tial or matric potential) is so large that the moisture is
distributed in the moistura-deficient soils as rapidly as it
is being supplied by tha limiting tank Teak. Physically it
is difficult under these conditions to build up an accumula-
tion near the tank.

"A practical refinement might be in order to better relate

the ‘'dry well response' squation to the 'real world.' This
can be done by redefining the term g to relate to the soil

moisture conditions prior to the leak and the apparent

16
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increment of moisture added as a consequencs of the JTeak.
Thus, g could be said ta be equivalent to A® of Green and
Ampt, which is the difference between the transmission zore
wetness during infiltration and ©; is the initial profile
watness.

"Observations in the soil moisture measurement lysimeters

have shown that the residual moisture in the Hanford sediments
is about 6 vo1%. This is in essential agreement with medsure-
ments in tank farm sediments that have not been subjected to
artificial moisturs. Further, observations have shown that
active frontal advance of moisture cccurs at a soil mojsture
content of about 14 vol%. Thus, the difference (14-6) agrees
with the arbitrary value of g (8%) that has been used in the
generalized equations.

"It should be noted that if the soil moisture content is high
(approaching saturation), then the transmissivity of the soil
will control the horizontal spread of the Tiquids. In such
cases, the horizontal movement of radicactivity will be im-
peded in fine grained sediments. Examination of the available
soil moisture data in the tank farms shows that the average
soil moisture content is about 8 vol%. Thus, movement of
water under the force of capjllary potential is the dominant
mechanism of s0il moisture and radionuclide transport.

/7 37

!

0

"While some of the reviewerg are concerned that the gradient
is not expressed in the dry well response equation, the term g
is the equivalent. While conditions of leakage are not in
reality steady state, they are very close to steady state

when the leak source suppiies liquids at a rate that is lass
than the soil system will disperse under the infTuence of a
large matric potential. Thus, ¢ could be said to represent a
steady state soil moisture gradient at the wetting front.

"Whather g is an incremental soil moisture volume or a dis-
placed soil moisture volume, it has been defined as that soil
moisture distributed in soil volume Qg that originated from
the leak. Thus, qQg is the volume that leaked from the tank
and g is the wetness increment A€ (Green and Ampt)."

Validity of Assumption

From ithe Review Committee's inception, the majority of its members
could not {and still cannot) accept the statement, "the so0il moisture
content remains constant during the jeak." If this statement were 1it-
erally true, no gradient would exist and liquid Teaked from a tank would
not move in the soil toward a dry well. The Review Committee appreciates
that I[saacson identified the term g in the dry well response equation
as "...a steady state sofl moisture gradient at the wetting front."

Several members of the Review Committee pointed out that mathema-
tical formulae exist {Green and Ampt, 19il; Hillel and Gardner, 1970)

17
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for computing the rate of advance of a wetting front in sofl. These
formulae permit calculation of the volume of soil wetted by liguid waste
leaking from a tank.

Initially, several Review Committee members feit strongly that in
deriving the dry well response equation, Isaacson should have used the
Green-Ampt equation rather than making an a _priori assumption about the
constancy of soil moisture. Further discussion brought out that to use
the Green-Ampt equations directly, a suitable value for negative pres-
sure head (matric potential) at the location of the advancing wetting
front must be found experimentally or by extrapolation or interpolation
from published information. Further, initial ambient moisture content
varies in anisotropic, hetesrogeneocus, or layered media such as are char-
acteristic of the nondisturbed geclogic media below waste storage tanks
at the Hanford Site. Thus, detarmination of a reliable matric potential
to use in the Green-Ampt egquations is difficult if not impossibie. On
this basis and in view of Isaacson's subsequent comments about assump-
tion 2, the Review Committee agrees that assumption 2 is at least
reasonable,

The Review Committee also notes that assumption 2 impliies that
liguid waste moves as a sharp front as it travels toward a dry well.
Simple calculations were made to estimate the extent to which dispersion
processes could smear out the moving liguid front as it approaches a
dry well. Based upon concepts of statistical analysis (Bear, 1972),
the standard deviation of Gaussian distribution is:

R = (20At)1l/2 ' (3)

and

(v ]
1]
R
-

(4)

whera

D = dispersion coefficient (typically 10-7 cm2/sac for three
dimensional dispersion in unsaturated soils).

V = infiltration velocity, cm/sec
At = infiltration time, sec
R = width of 1igquid waste front, cm
o = dispersivity
were used in these calculations. Estimated values for D and V as a

function of the distance of the liguid front from the leak source ars
shown in Table 3.
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TABLE 3. Dispersive Profile of Liquid Plume.

Digggzc?mgrom V (cm/sec) D (cml/sac)
3 1x10-4 1 x 1074
7 8 x 10-6 8 x 10-8
7 4 x 10-6 4 x 10~6
9 8 x 10-7 8 x 10-7
11 4 x 10-7 4 x 10-7
13 1 x 10-7 1 x 10°7

Using these data, the width of a Tiquid "front" at a distance of
about 11 m from the tank would be only about 0.7 cm after 1 wk and 5 cm
after 1 yr. These latter values confirm that liquids moving in layered
unsaturated Hanford Site sediments do move with a sharp front.

Revigw Committee Findings

Because of its fundamental importance in the derivation and appli-
cation of the dry well response equation, the Review Caommittes spent
much time wrestling with assumption 2, its meaning and validity. No
cledr-cut resolution of the issues involved was obtained. The majority
of the Review Committee do not find any overwhelming reason to raeject
assumption 2 and, therefors, baliave primarily by default that it is an
acceptable and reasonable plank upon which to base derivation of the
dry wall response sguation.

ASSUMPTION 3. THE VOLUMETRIC MQISTURE CONTENT
QF THE SOIL, g, IS 8%

Is@acson and Gasper stated:

"Measured values of soil moisture ranged from 4 voi% to over
20 vol%. Soil moisture moves very, very sTowly at total mois-
ture contents below 10 voi% (Ref. 14).* Thus, the assumed
value of 8 vol% may result in overestimating the response
time; in more cases, it would underestimate it. Underestimat-
ing the moisture content would lead to monitoring of those

dry wells mora frequentiy than necessary when moisture contant
of the soil falls below 8 vol%."

“Refaranced in this report as [saacson et al. (1974).
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Need/Basis for Assumption

Assumptions 2 and 3 are very closely connected. Thus, assumption 2
is needed as the fundamental basis for a soil moisture displacement
mode] whereby existing soil moisture is displaced by that from a tank
Teak. Assumption 2 states that soil moisture content is redistributed
rapidly when the total moisture content reaches about 14 vol%. Assump-
tion 3 says that such redistribution occurs when there is an incremental
moisture’content of about 8% over average ambient soil conditions. Stated
otherwise, assumption 2 is equivalent to stating that the average ambient
soil moisture content is about 6%.

Table 4 lists actual experimentally determined moisture contents
of soils in Hanford tank farms. These data represent rounded (to +0.05%)
meisture contents of the upper two sediment types in the tank farms;
only thase two sediments are believed to be invelved in frontal movement
of Tiquid to dry wells. As noted in Table 4, the grand overall average
s0il moisture content is 9.0%, only 1/3 higher than the value in assump-
tion 3.

TABLE 4. Average Moisture Content of Soils
in Hanford Tank Farms.

Tank farm Moisture content {vol%)a,b
designation :
{241~} Depth 1 Depth 2 Avarage
A 11.0 5.0 8.0
AX 12.5 7.0 9.5
B 10.0 7.0 8.5
BX 9.0 8.0 8.5
BY 10.0 1.0 8.0
£ 9.5 5.0 7.0
12.5 11.0 12.0
SX 12.5 6.5 8.5
T 12.0 8.5 10.0
TX 9.0 7.0 8.0
TY 10.0 6.5 8.0
Y 12.0 8.5 10.0
Grand average 9.0 -

8 ach value in the first two columns is’ the
average of readings from each of the five wells in
each tank farm.

DDepths reoresent the centers of two major
sediment types as determined from granulometric
data.
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Knowledgeabie members of the Review Committee pointed out that all
tank farms nave had large volumes of moisture added to them during con-
struction and operation so that their present moisture contents (see
Table 4) are considerably higher than their pristine values. Routson
and Fecht (1979) reported that undisturbed sediments at the Hanford
Site contain only about 1% to 3% moisture by weight.

As with the other assumptions, Isaacson provided valuable comments
to the Review Committee on the basis for assumption 3. Isaacson stated:*

"As discussed under assumption 2, q is the volume fraction of
soil that has become filled with liquid as a consequence of a
tank leak., It is assumed to be constant over the volume of
the Teak plume and this s approximately correct because of
the controlling effect of the high matric potential of the
moisture deficient soils. It must be understood that suffi-
cient liquids must be added to cause frontal movement. The
reason that the movement of moisture is siow at the 6% mois-
ture content is that the process is one of redistribution.
Since a continuous film of walter does not exist, and transport
of moisture is primarily in the vapor phase below a moisture
content of 6%, the rate of redistribution will be exceedingly
slow and is energy dependent. As water is added to a system
which has become desiccated, there are two effects which must
be considered. Cne is the surface tension of the 1iquid and
the other is the capillary effect which is related to the

size and angles of intergranular spacas as well as the surface
tension of the water. In one case, there 13 a resistance to
wetting of the sedimentary particles and in the other thers

is a capillary potential that holds the liquid until the ‘me-
niscus effect' is satisfied. Capillary potential (suction)
may range from 100 to >10,000 cm of water. These effects are
avidenced by a strong line of demarcation between the wettied
sediments and the unwetted sediments. As the wetness increases
and the 'meniscuses overflow,' the next segment of soil volume
becomes wettad provided that a supply of liquid is made avail-
able. If the supply of liquid is small in comparison to these
transport processes, then the rate of movement of the wetted
front will be solely dependent upon that supply.

"Wnile the movement and distributien of moisture can be modeled
by diffusion theory, the controlling parameter is the source
term, that is, the tank leak rate."

Assumption 3 is predicatad on a soil moisture dispiacement model
whereby existing soil moisture is displaced by that from a tank leak.
The average soil moisture content was used.

“Isaacson's comments on pages 15 through 17 are also pertinent to
the basis for the validity of assumption 3.
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Validity of Assumption

also

In addition to his comments on the basis of assumption 3, Isaacson
remarked on the validity of assumption 3 as follows:

"The principal concern with this assumption is whether the
incremental moisture as a consequence of a tank leak is a
displacement process, an additive process, or a combination
of both. Several models can be hypothesized for very slow
leak rate conditions. For example, in very dry soils the
process may be additive; that is, moisture is retained up to
a fixed volume percent within the pore spaces by capillary
and the front advances with very little or no mixing or dis-
placement. In soils where moisture has been added previously
and allowed to redistribute, the process may be primarily
that of displacement; and, in soils that contain more than
about 14 vol¥ moisture, the process may be additive and dis-
placement with mixing and diffusion taking place. A search
of the Titerature would provide more understanding of these
processes.

"Once a certain degree of saturation occurs (considerably
less than total saturation}, the capillary potential causes
the liquid front to advance. The volume percent moisture
that is retained in the soil as the liquid front advances is
related to the dimensions of the pores between adjacent soil
particles, surface tension of the ligquid, viscosity, and
osmotic effects., The osmotic effects are related to
concentrations and types of dissolved salts in the ligquid as
well as soil properties.

"In order to establish the 'equilibrium' soil moisture
content attendant to a tank leak, the properties enumerated
above should be determined for each dry well, tank, or tank
farm. In lieu of such characterization, empirical
‘equilibrium' moisture contents could be determined based on
experiments and empirical results. Lacking this, subjective
Judgment was used to arrive at the value of 3%."

Review Commitiee Findings

able

The Review Committee unanimously accepted assumption 3 as reason-
and vatid.

ASSUMPTION 4., THE MAXIMUM TANK LEAK RATE s
IS 0.03 GAL/MIN

well

Concerning this assumption, Isaacson and Gasper stated, "The dry
response. time is inversely proportional to the value of s chosen.

The most probable leak rate will be significantly <0.03 gal/min
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because the tank-deactivation program has reduced the drainablas iiquid.
Further reduction in volume will take place as a result of the planned
jet pumping program.”

Need/Basis for Assumption

The term s in the dry well response equation is the rate (ft3/d)
at which liquid leaks from a single-shell tank. The frequency of moni-
toring of dry wells is approximately inversely proportional to the as-
sumed maximum tank leak rate.

The maximum tank leak rate depends upon several factors: nature
and amounts of tank contents (liquid, salt cake, and sludge); size of
nale in the tank; soil properties (i.e., hydraulic conductivity, per-
meability, etc.); 1iquid pressure head; and flux conditions (i.e., steady
or nonsteady state) of leak. Review of confirmed tank leaks at Hanford
indicates that, of all these factors, the size of the hole in the tank
is dominant and in fact controls the leak rate. The high matric poten-
tial (soil suction) of the dry Hanford soil causes the liquid front to
move at a rate dependent upon the volumetric relationships between the
volume of waste that has leaked and the volume of so0il that is wetted.

Historic leak rate data for previous known and suspected tank leaks*
were analyzed statistically to determine the sourca term s to be used
in the dry well Pesponse equation. This analysis lad to The following
confidence statement: 95%/95% Tolerance Intarval: We are 95% con-
fident that at least 95% of the population of single-shell tanks that
will leak will have a Teak rate <0.03 gal/min.

Validity of Assumption

Discussion of the Review Committee about the validity of assumption &
centered on the answers to three questions:

® As compared to other factors, does the siza of the hole in a
tank control the leak rata?

¢ [s statistical analysis of leak rate data from praviously
known or suspectad leaking tanks a suitable way to determine
a maximuym tank leak rate?

¢ Is an assumed maximum leak rate of 0.03 gal/min a conservative
valua?

*

Data for Tanks 241-T-106 and 241-SX-110 were not used in the sta-
tistical analysis since it is known that these tanks wers subjected to
unusual conditions (e.g., sudden operational stresses, carrosion condi-
tions, as well as structural and construction inadeguacies).
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The Review Committee, in the light of its previous extensive dis-
cussions of the hydrological properties of Hanford soils performed in
considering assumptions 2 and 3, had little difficulty in concurring
with Isaacson that the size of a hole in a tank does indeed control the
rate at which Tiguid leaks from a tank. The Review Committee also read-
ily agreed that a reasonable way to determine a maximum tank leak rate
was to conduct a statistical analysis of data from previously confirmed
or suspected leaking tanks.

The Review Commitiee noted that leak rate data for Tanks 241-T-106
and 241-5X-110 were deliberately excluded from the statistical analysis.
Rates of leaks from these two tanks (1.7 and 0.2 gal/min, respectively)
were considerably higher than those from any other known or suspected
leaking tank. Inclusion of data for Tanks 241-T-106 and 241-3X-110 in
the statistical treatment would have led to a calculated maximum tank
leak rate, §, considerably higher than 0.03 gal/min and, correspondingly
then, to increased frequency of monitoring all dry wells.

The Review Committee acknowledged that historical data for
Tanks 241-T-106 and 241-5X-110 indicate that these two tanks were sub-
Jjected to unusual conditions (e.g., sudden operational stresses, cor-
rosion conditions, structural and construction inadeguacies, etc.).
There is thus probably sufficient reason o exclude lTeak rate data for
Tanks 241-T-106 and 241-5X-110 from the population of data used in the
statistical analysis to determine the maximum probable leak rate. An
important consequence of not including data for Tanks 241-T-106 and
241-5X-110 in the statistical analysis is that the dry well response
equation does not apply to and cannot be used to set & monitoring sched-
ule Tor any other single-sheil tanks that may also be subjected to unu-
sual conditions. The Review Committee is pleased to note that this
latter caveat has been clearly calied out in the final published version
of the Isaacson-Gasper report. In their published report, Isaacson and
Gasper also say, “Currently, all of the single-shell tanks are inactive,
except for removal of any remaining supernatant plus the interstitial
Tiquids. It is unlikely that these tanks will be subjected to sudden
stress conditions."

Review Committee Findings

With proper acknowledgement in the Isaacson-Gasper report of the
implication of excluding leak rate data for Tanks 241-T-106 and 241-SX-110
from the statistical analysis, the Review Committee accepts assumption 4.

ASSUMPTION 5. RADIOCACTIVE RUTHENIUM IS A SATISFACTORY
WASTE FRONT TRACER

In their report, Isaacson and Gasper (1981) state, "As described
previously, the tanth-value thickness, 15, is dependent logarithmicaily
on ruthenium concentration. This sluggish dependence minimizes the
impact of choice of ruthenium concentration. However, the ruthenium
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concenirations vary significantly from tank to tank with a current range
of concentration being 2.4 x 10~3 o 2.4 x 102 Ci/L. Using the ISOSHLD
computer shialding model for tenth-value thickness with these concentra-
tions leads to a range of tenth-value thicknasses from 12.6 to 20.4 cm.®
The tenth-value thickness of 12.6 cm applies to the oldest wastes having
Tow ruthenium concentrations.

Need/Basis for Assumption

For the dry well monitoring equipment to function at all, obviously
some gamma-emitting radionuclide or radionuclides must migrate through
the soil toward the dry well, There is much evidence to back up the
contention that radicactive ruthenium is very mobile in Hanford soils
and is, indeed, more mobile than any ather radionuclide. The results
of Cowser and Parker (1958), Spitsyn et al. (1958}, Brown et al. (1955,
1958), and Routson et al. {1979) are all relevant.

In particular, Brown et al. (1955, 1958} studied migration of radio-
nuclides when actual low-level liguid waste cTntaining 80 g/L of various
inorganic salts was added to a Hanford crib; 106Ru moved downward at a
much faster rate than any other radionuclide present in the waste. Brown
and colleagues in various Taboratory-scale tests of the migration of
radionuclides in Hanford soil columns also noted the increased mobility
of radigactive ruthenium over that of other radionuclides. Radioactive
ruthenium in Hanford wastes is believed to be present as.anionic and/or
neutral species which are not sorbed by various sediments or soils.

Furthermore, the distribution of radionuclides in Hanford soil is
controlled to a major extent by the sorption and unsaturated flow char-
acteristics of water in the Hanford soils. At the leading edge of a
leak piume, the concentration of Tesser-sorbed radionuclides increases
retative to those of better sorbed radionuclides. The ratio of concan-
trations of nonsorbed-to-sorbed activities increases with increasing
lateral distance_or depth of the leak. Ruthenium=-106 is poorly sorbed
fompared with 137Cs; at the leading site of the leak plume the

06Ry/137Cs concentration ratio is highest.

Yaliditv of the Assumption

The Review Committee generally did not have any great difficulty
in accenting the physical evidencs that radicactive ruthenfum migrates
faster through Hanford soils than any other radionuclide present in
1iquid wastes stored in the single-shell tanks. However, saveral members
of the Raview Committee noted:

» Cobalt-60 (tj/2 = v5 yr) is present in most of the iing]e-
ghe11 tank waste: although not nearly as mobile as 1063y,
OCo also is known to migrate through Hanford soils at rates
faster than many other radionuclides (e.g., 137Cs).
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#» Momitoring equipment used in the dry wells is nonspecific and
¢etecti radiat1on from any gamma-emitting radionuclides (e.g.,
6Ru-10 60co, etc. ) that approach the well.

¢ The dry well response equation is based partly upon ISOSHLD
computer code calculations of tenth-value soil thickness,
taking intT account as key input data only the decay character-
jstics of Results of these calculations will be
in error to the extent that dry well Ton1tors detect gamma
energy from radionuciides other than 6Ry~106Rh and that the
tanth-value thickness would be significantly different under
these conditions.

s The tenth-vatue thickness is both a function of gamma energy
and concentration of the predominant radionuclides. As the
concentration decreases, the contribution of the low-energy
gomponents resulting from Brehmsstrahlung increases. Since

Co is prasent in very low concentrations, the response char-

acteristics of the gamma detectors will not change significantly.

This is generally true for old wastes regardiess of which
radionuciides are present.

Review Committee Findinas

The majority of the Review Committee, although acknowledging 60Co
mobility and its possible detection by dry well monitoring equipment,
still regard assumption 5 as perfectly valid.

ASSUMPTION 6. LEAK OCCURS ON PERIMETER OF TANK AT POINT ABOUT
12 FT ON EITHER SIDE OF NEAREST DISTANCE TO A DRY WELL

Concerning this assumption, Isaacson and Gasper state:

v, ,.12 ft is 5% of the tank perimeter. The response time is
determined using a distance, b, to this point. If a 0.03-gal/min
Teak were to occur at any point on the tank within 6.2 ft of

a dry well in 200 West Area and within 5§ ft of a dry well in

the 200 East Area, the count rate could increasa to action

level before being detacted. If the Teak occurred farther

than 12 ft away., more monitoring would be performed than would

be necessary to assure that the leak would be detected before

the count rate reached the action level.!

Need/Basis for Assumbtion

This assumption is different than assumptions 1 through 5§ because
it relates primarily to criteria for minimum frequency of dry well moni-
toring (and associated risk analyses); assumption 6 is not requirad for
derivation of the empirical dry well response sguation. On the basis
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of its charter, the Review Committee did not evaluate or judge assump-
tions {assumption 6) dealing with risks or attempts to relate dry well
monitoring to leak location.

Even though the Review Committee did not formally review assump-
tion 6, one member (R. E. Isaacson) provided the following comments:

"Mathematical analysis continues to investigate assuming a
greater distance than 5% (12 ft). The impact is to decrease
the monitoring frequency significantly for dry wells near the
tanks and Tess significantly for dry wells further from the
tanks. Since the mathematical basis for selecting larger
percentages of the perimeter is still under investigation,
the 5% distance is utilized for determining monitoring fre-
quencies.

"Ninety percent of the leaks will occur outside the range of
the dry well response time for a given dry well based on this
assumption, Furthermore, this assumption is based upon the
probable maximum leak rate rather than the most probable or
mean leak rate. Based on the more recant value of 0.03 gal/min
as the maximum leak rate, and mean leak rate of 0.0115 gal/min,
50% of the leaks will have response times of >3 wk in 200 West
Area and >6 wk .in 200 East Area.

- "The monitoring frequencies thus calculated tend to.be very conser-
vative and much less than 5% of all possible leaks will exceed the
alert level between monitoring periads.

"Assuming that there is equal probability of a leak occurring within
any 1 ft segment of a tank and that one leak will occur each week,
then the probability of a leak occurring is 4.56 x 10-2/ft of tank
perimeter per week. There are 101 welils to be monitored once each
week based on a maximum leak rate of 0.03 gal/min, thus the prob-
ability of a leak exceeding the alert Tevel is 101 x 4.56 x 10~

or 0.46%. In other words, based on the proposed monitoring shedule,
there is 99.5% probability of detecting a leak before the count

rate exceeds 160 counts/sec above background.”

Validity of Assumption

The Review Committee did not discuss the validity of assumption 6.

Findings of Review Committese

The Review Committee did not come to any formal conclusion regarding
the basis or validity of assumption 6.
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ALTERNATIVE APPROACHES TO A DRY WELL RESPONSE EQUATION

By its charter, the Review Committee was committed to “consider,
develop, and evaluate alternative approaches to derivation of a dry
well response equation.' Two alternative approaches to the empirical
approach used by Isaacson were investigated: analytical models based
on diffusion theory and computer models.

ANALYTICAL MODELS

By solving the partial differential equations (diffusion equations)
governing the motion of fluids through soils, H. A. Forrester of the
Review Committee derived an analytical model (diffusion model) of the
motion of the plume from a Teaking Hanford waste tank. {Complete mathe-
matical details of Forrester's elegant derivation are presentad in Ap-
pendix B of this report.} Although originally intended as a replacement
for the Isaacson empirical model, the diffusion model produces results
essentially equivalent to those yieided by the Isaacson modei. The

Review Committee believes that more adeguate verification of the basis,
assumptions, and derivation of the dry well response aquation neither
can be found nor is required.

COMPUTER MODELS

Computer codes that model moisture flow in unsaturated sediments
such as those in Hanford tank farms are currently available. As mentioned
earlier, Lu (1980) has reported results of computer-assisted modeling
of the transport of liquid and radionuclides from the 241-T-106 Tank
leak through vadose zone soils. From this background, it is easy to
generalize that computer modeling techniques can and should be used to
develop a frequency schedule for monitoring dry wells around single- -
shell tanks. Indeed, one external reviewer (Reviewer 3) was particularly
keen on the supposed advantages of computer modeling of tank leaks over
the Isaacson geometric approach.

Before the availability of the full diffusion model (Appendix A),
the Review Committee spent much time debating the merits of computer
modeling of tank Teaks versus the empirical approach taken by Isaacson
in deriving the dry well response equation. Knowledgeable and exper-
ienced Review Committee members advised that computer solutions to the
moisture and convective dispersion equations for unsaturatad sediment
systems require parameters that simply are not available for the Hanford
tank farm sediments. Acquisition of the required parametric data requires
a great expenditure of time, money, and effort. Hence, the Raview Com-
mittee concluded that application of computer modeling techniques to
develop tank-by-tank dry well monitoring schedules just was not practi-
cal, Of course, the later advent of the diffusion model provided robust
support for the judgment to reject computzr modeling in favor of Isaacson's
empirical equation. ‘
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APPENDIX A
ABSTRACTS OF COMMENTS OF EXTERNAL REVIEWERS

Pertinent comments and criticisms of the three external reviewers
who reviewed all or parts of an early draft of RHO-ST-34 are collected
in this appendix.* The action taken in response to each of the issues
or points raised by the external revieswers is alsa briefly indicated.
Note that page numbers cited .in external reviewer's comments refer to
an early draft of RHO-5T-34 while page numbers cited in Responses refer
to page numbers in the final published version of RHO-ST-34.

- -

REVIEWER 1

Comment One

"I was surprised to read that this report primarily discusses moni-
toring for single-shell tanks, since I was of the impression that they
have all been taken out of service.®

Response

Other reviewers, both in-house and external, made essentially this
same observation. Accordingly, the text was revised (p. 4) to note
that interstitial liquids that cannot be drained by normal pumping meth-
ods are still present in single-shell tanks.

Comment Two

"The comments on page 9 discuss ¢ as a constant detector calibra-
tion factor which is not strictly true. This caiibration factor will
change due to relative source size changes. [f the calibration factor
which is used for a trigger case is considered, it would be conservative
far all. other cases."

Respanse

In considering this comment, the Review Committee came to realize,
thanks to much heilpful input from Mr. Fred Stong, that the external
reviewer did not fully understand how the gross count sc¢intillation
probes used in monitoring dry wells actually operated. To remedy this
deficiency, new text (pp. 10-11) was added in the final report to describe
the various dry well detection systems. Mr. Stong also noted that the
gross scintillation probes were compared twice a day with standard 137Cs

*Isaacson, R. E. and K. A. Gasper (1981}, A Scientific Basis for
Establishing Ory Well-Monitoring Freaquencies, RHO-ST-34, Rockwell Hantord

Operations, Richland, Washington.
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sources; the term ¢ is simply the slope of a logarithmic plot of dose
rate versus count rate as determined by such comparisons. A definition .
of ¢ was provided in the final published raport.

Comment Three

"The paragraph at the bottom of page 11 is gquite confusing. As &
waste front approaches, the contribution from high-energy photons is
always increasing simply because we are adding more material in the
view of the detector, The Tow-energy contribution is dominated by scat-
tered high-energy photons and, hance, increases directiy proportional
to the high-energy contributions. The last paragraph on this page,
however, is written such that it seems to imply the high-energy dose
rate contribution does not continually increase as the low-energy end
is enhanced. This is not true. I believe I understand what the authors
are indicating, but it is written in a very confusing fashion."

Response

The Review Committee did not judge this criticism to be of any
particular significance; the paragraph mentioned was included unchanged
in the final report (p. 21).

Comment Four

"On page 19 the calibration constant ¢ for the scintillation probe
is indicated at 0.918. Some discussion needs to be made of this effi-
ciency and calibration constant. It JTooks too high to be typical of a

scintillator. Thus, [ believe some specific description and discussion
must be added.”

Response

See responsa to comment 2.

Comment Five

"Pages 24 and 25 are a series of assumptions to which shouid be
added how a well is Togged and with what type scintiliator. Some con-
sideration should be given to a discussion of background and thus a
basic statistical criteria in terms of any trigger or response level."

A-2
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Response
The Review Committee rejected the idea of including as a basic
assumption "how a well is Togged and with what type scintillator." The

final report, however, does contain a section (pp. 10-12) that describes
the various detactors usad to monitor dry walls,

Comment Six
"Somewhere in the report was a discussion of bulk density which

was listed at 1.33. I believe the bulk density of Hanford soils is
from 1.41 to 1.6."

Rasponse

Several knowledgeablae members of the Review Committee confirmed
that the bulk density of Hanford soil s indeed about 1.8.
Comment Seven

"The typical soil moisture contents that [ am aware of are on the
arder of 4%."
Response

The Raview Committze agrees that Hanford soils contain typically

4 wt% moisture or, for a soil density of 1.83, ehout 8 vol%
(assumption 3).

Comment Eight

"The way the report discussas tenth-value thickness is confusing
since a tenth-value thickness is a constant, not & variabie for a given
energy and matrix."

Rasponsa

This particular comment was picked up hy several of the Raview
Committee members as reflecting their own concern that the original
draft of RHO-ST-34 did not adequately discuss tenth-value thicknesses.
In response to this concern the final report centains (pp. 18-20) an
extended discussion of tenth-value thicknesses and thsir use.
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Comment Nine

"One final comment. I beljeve a discussion to be in order for the
various detection techniques which one might use in menitoring welis.
This would be a discussion of in-well monitoring capability and the
specific form in which it should be used.”

Response
The Review Committee unanimously agreed; the requested discussion
appears on pages 10 and 12 of the final report.

REVIEWER 2

Comment One

"Are the assumptions that permit the formulation of the dry well
equation so arbitrary and so undetermined as to not contribute much to
reality? I wonder if the mathematical presentation and equation formu-
lation present an air of knowledge and exaciitude that is not warranted.
Some features of the formulation that troubls me are:

1. Need for variable volume fraction of soil moisture content

2. Leak rate factors such as hole size, waste head, and location
of ieak relative to dry wells

3. Soil permeabiiity
4, Ruthenium concentrations
5. Gravitational effects for downward as well as outward movement
of liquid waste."
Response’
The Internal Review Committe was convened and chartered exactly to
address the issues raised by Reviewer 2 concerning the basis and vali-
dity of the key assumptions underlying the empirically-derived dry well

response equation. As noted in the bady of this report, the Review
Committee found these assumptions to be valid.
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Comment Two
"It would be easier for me, I think, to build a schedule for dry
wall sampling based on past experience and obsarvation data. Why not

set up the system purely empirically and not try to make such a complex
calculation. Past axperience seems extremely valuable to me."

Responssa

The Review Committee concurs that it is indeed possibie to use
past experience and observation data to sat a schedule for monitoring
dry wells. A much more credible manitoring schedule can be sat, however,
by application of a valid dry well response equation.

Comment Three

"It would be helpful to clearly state the purposa of the dry well
program. [s it:

a. A primary Teak detactor system
b. A backup or secondary leak detector backup system
¢c. A location of leak system

d. Does it serve some other purposa?”

Respansa

Additional information was added in the Introduction and in
Section 1.3 of tha final report to respond to this comment.
Comment Four

"1 have some difficulty seeing how the wells can be usad for intru-
sion monitoring as stated on page 2."
Responsa

The final report points out that it is the remote possibility of

intrusion of water into tanks, not pecple, which is also of concern in
dry well monitoring.
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Comment Five

"The use and definition of the tenth-value layer as formulated on
pages 11 and 12 causes me some difficulty. Particularly, a tenth-value
layer is a percentage reductign gquantity and not a function of the amount
of radiation or the amount of Ru present. The formulation of this part
of the presentation needs review and clarification.”

Response
The Review Committee was in compliete accord with this comment.
The final report contains (Section 2.2) adequate and complete explana-

tion of tenth-value thicknesses and their use in deriving the dry well
response equation.

Comment Six

"The illustration on page 6 (Figure 1)} needs to be redrawn to assure
dimensions a and b are more representatively {llustrated."

Response

Correction made in final report. See Figure 2.

Commment Seven

"T have some difficulty understanding the soil moisture volume
fraction presentation as developed on pages 5, 19, and 24. Does this
presentation c¢liaim the soi] moisture volume fraction is 0.08 before a
Teak and would not significantly increase, or is this the value after
the leak? It seems surprising the value would stay so low. If it stays
s0 low, why does not a Teaked water voiume move rather rapidly to the
groundwater? A few sentences of explanation would be helpful to me."

Response

The final report was modified to include the explanation requested
by the reviewer. This report presents (pp. 21-25) a detailed examina-
tion and review of assumption 3.

Comment Eight

"Equation 13 on page 9 is introduced with no derivation. Some
additional explanation would be helpful."®

A~6
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Resacnse

e ————

This comment refers to Equation 13 in the final report. As requestad
by the reviewer, additional text was added to explain the arigin of
Eguation 13.

Comment Nine

“Some rawording to avoid confusion may be necessary, especially
with regard to the first paragraph in the exscutive summary. This reads
as if single-shell tanks still contain Tiguid high-level radieactive
waste. A better prasentation on their 'liguid' contents is needed.”

Respansa

The final report does not have an executive summary; words that
stata the present content of the single-shell tanks are included in tha
Introduction.

REVIEWER 3

Comment One

"The subject of dry well monitoring criteria has been avoided for
togo long. Tha importance of the subject is only esqualed by its diffi-
culty. This report is the first and only seriocus attempt to address
this issue that I have seen. Mr. Isaacson and Mr. Gasper are to be
compiimented for their perception of the problem and for their boldness
of examination. In my opinion, the approach described shows a great
deal of creativity and therefore has much to offer.

"I do have saricus concerns that this study will be the final word
on the subject. The study is highly empirical in nature and clearly
demonstratas that our undarstanding of the tank Teak process and subse-
guent transport of radioactivity is not very sophisticated. The current
study will be most useful if it is usad as a conceptualization of the
problem and an initial guide to analysis. [ think the concept of the
incremental moisture content has merit and the geometric analysis of
plume propagation is as goad as the available information allows."

Response

The comments of Reviewer 3 wers made befors Or. Forrester had com-
pieted his detailed, sophisticated mathematical analysis. As notad
praviously, the diffusion model develgped by Forraster produceas resuits
essantially equivalent to those yielded by the Isaacson model. In retro-
spect, Reviewar 3 was correct in stating that the currant study (i.e.,
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Isaacson's equation) will be most useful if it is used as a conceptuali-
zatio? of the problem and an initial guide to analysis (i.e., diffusion
model).

Commment Two

"1 feel very strongly that the importance of the problem requires
better analysis. 1 think computer modeling is both practical and desir-
able as well as expensive. Much progress has been made in our ability
to put bounds on our parameter estimates as well as our basic modeling
skilTs. A Rockwell model is reported to have simulated the T-106 Teak
to a reasonable degrae and using the same input parameters should give
more defensible rasults than those presented here.”

Response

Again, this comment was made before Dr. Forrester showed that an
elegant mathematical model (diffusion model, see Appendix B) gave results
essentially equivalent to Isaacson's equation. The Reviaw Committee
agraes that computer modaling is expensive, but in view of the corrobo-
rating diffusion model, finds that it is neither desirable nor necessary.

Comment Three

"The geometric analysis of the plume propagation is appropriate as
a first step. This idea is based on a gualitative analysis of the
T-106 Tank leak. It is an empirical result that should be used with
some caution because it cannot be fully explained. [t wouid be possibie
to use this in some way to verify computer modeling efforts. The main
flaw, as [ see it, is the 'assumption' of constant mecisture content
throughout the plume. This implies instantanecus propagation of input
signals. This 'action at a distance' is fundamentally impossiblie in an
unsaturated soil system. We should not say that we are assuming that
it happens. I think what we mean is that the empirical evidence sug-
gests that the response times are small compared to the travel times
and that to a first approximation we use this type of analysis. Perhaps
we are splitting hairs, but I think there is an important difference
between an assumption and an approximation. The empirical nature of
the geometric analysis shouid be emphasized and more supporting evidenca
should be provided. A result not justifiabie on theorstical grounds
musi be backed up with a presponderance of empirical evidence."

Response

The final version of RHO-ST-34 dees c¢learly indicate the nature of
the geometric approach taken by [saacson to derive the dry well responss
sguation. The last sentence in this comment of Reviewer 3 is not appro-
priate since the advent of the diffusion modei. The Review Committee
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3lso rejected as inappropriate the judgment of Reviewer 3 regarding use
of the results of empirical geometric analysis with computer modeling.
Several Review Committee members agreed with the contents of Reviewer 3
regarding "assumptions® versus “approximations.*

Comment Four
"falidity of Assumptions Made in Deriving the Response Equation."
Assumption One. The spherical geometry may be the best "simple"

way to anaiyze the data without using computer models. My comments
above ralate my misgivings of how the concept is presented.

Assumption Two. This is a physical impossibility and should be
jdentified as such. Nevertheless, it does look Tike a reasonabis
approximation from the limited evidence available.

Assumption Three. Acceptable.

Assumption Four. Acceptable only because 0.044 gal/min is the
iargest leak rate experienced to date.

Assumption Five. No comment.

Assumption Six. Acceptable.

Resgonse

No response required.
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APPENDIX B
ANALYTICAL MODEL OF LEAK PLUMES

An analytical model of the plume produced by a Teak in a waste
tank was derived by solving the partial differential equations governing
motion of fluid in soil. Some simplifications are introduced, but the
assantial physics of the situation are covered. Since the differential
equations are generally called diffusion equations, the analytical model
is termed the diffusion model.

The diffusion model originally was intended as an alternative to
the model observed by Isaacson. Somewhat unexpectedly, the diffusion
model turned out to be in essential agreement with the I[saacson modél.

[t 1s, of course, of great value to be able to support the [saacson
model on theoretical grounds.

DERIVATION OF DIFFUSION MODEL

Notation

£1:%2,...,%n

Volume concentration of fluid . -
Concentration of fluid in sail prior to the leak
Critical concentration of fluid

Volume concentration of tracer radioactive slement
V/U = ratio of tracar to fluid

Value of A in leaking fluid

Permeability of soil (i.e., diffusion constant)

{Kl U<l
Kg if U 2 U

Distance from l2ak source

Time, £ = 0 is start of Teak

Coordinates centered at Teak

"Dimension" of lesak, where

n=2: Teak"confined betwaen impermeable strata

-

n = 3: unconfined Jeak

8-1
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R(t) = Radfus of leak front at time t
Rg = Limiting value of R(t) (for n = 3)
S = Rate of leak
H = Height of confined layer (for n = 2).

Leak Equations

2
TS R
L. =% K"‘é'a Yo
r
3A _ , aU 3A
2. U =K 5o 57

3. U=Ugfort<O
4. A=Agforr=0andt >0
5., Therate of Uatr =0 for t = 0 js:

{S if n =
S/H if n

Here A = Ag F(8) where F(R) = {? 3; g : g

3
=2

and 8 = fr"'l U dr.

Synopsis of Results

As the leak fluid moves through the soil, it displaces fluid already
in the soil. The displaced fluid undergoes surprisingly little mixing
with the leak fluid. Thus, the forward part of the leak is formed by
fluid with 1ittle or no tracer element present. In the region between
the leak and the displaced fluid, both A and U are nearly constant except
for the immediate vicinity of the leak. This conclusion is essentially
the same as that given by the Isaacson model.

There is an exceptional case (i.e., when Ug = 0) when the Isaacson
mode] does not apply. However, since the soils in the tank farms at
Hanford have Up in the range of 0.04 to 0.12, Ug is a substantial frac-
ti?n of Uy (which is about 0.10). Therefore, this case is not considered
relevant.

8-2



RHO-RE-EV-11

DETAILS OF ANALYTICAL MODEL

Derivation

Two matters must be considered in deriving the equations governing
the formation of the plume of a leak: (1)} the motion of fluid through
the soil and (2) the motion of a tracer element carried by the fluid.
It is assumed that there is a radionuclide (tracer) in the tank fluid
that moves without being absorbed by the soji. It is the detection of
this radionucltide at a dry well that permits detection of the leak. If
the s0il wers absolutely dry, the motion of the fluid and of the tracer
radionuclide would coincide. However, the amount of groundwater in
even relatively dry soils will be enough to have a substantial effect.

Let U denote the volume concentration of fluid and V denote the
volume concentration of the tracer. U and V both are dimensionlass,
j.a., they have units of the form volume/volume. Let A = Y/U denote
the fraction of fluid volume formed by the tracer. Thus, A is also &
dimensionless number.

Let X1, X2, . . ., Xpn denote rectangular coordinates centered at
the leak. The reason for choosing an arbitrary dimension n is economy
since two important cases occur. The case n = 3 corresponds to the
leak being unconstrained, and n = 2 corrasponds tc the leak being con-
fined between impermeable Tayers.

Let F1, F2, . . ., Fn be the rates of diffusion of the fluid in
the X1, X2, . . ., X direction. It is assumed that the rate of motion
of the fluid is proportional to the rate of change of concentration and
that the fluid moves from higher to lower concantrations. Consequently,

f—t
—

L aU
Fy = Ko . (

where K is the diffusion constant.

Let €1, E2, . . . denote the rates of diffusion of the tracer ele-
ment. The assumption that the tracer slement moves with the fluid is
gxpressed by:

E, = AF, = K Asp— (2)

where A = V¥/U, the fraction of the tracer prasent in the fiuid. Con-
sider a r?ctangular box of sides 2dXy, 2dX2, . . . centered at (X,
X2, « v )

B-3
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2dX3

aF, —3F

2dXp

2dX1
The flow into the box across the face at Xj - dXp is

aF
(Fy - §I% dXq) x (area of face) (3)

while the flow out of the box across the face at X1 + dX1 is

aF
(F1 + §¥% Xm) x (area of face) {4)

Thus the net accumulation in the box due to flow in the Xj direction is

3Fy
3% ¢ 2d%q X . . . x 2dX_ . (5)

The total rate of accumulation per unit volume of soil is the sum of
all such terms divided by the volume (2dXj x . . . x 2dXn) of the box.

That is,
aF
3y . n r _en 3V
5 = - T - = Epet o K 30 (6)

B-4
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A similar argument yields

3F.

vV _ on i_en 3 al

T Tra1 5 " Prar avc (KA ) (7)
or, since ¥ = AY,

=z, T (kA 3 (8)

r

Subtraction from (5) of A times the equation for U gives

3A _en al 3A
Ust =% Kot o (9)

There is a criticism that can be made. One is that possible aniso-
tropies of the soil have not been taken into account. The equations
allowing for anisotropy are:

3 _ «n n 3 aU

at zr‘:l zj'—‘l axi (K'fj 3XJ) (10)
A_gn n al 3A

R v ’ (1)

A change of coordinates will reduce these equations to the pravious
form, and the change of coordinates can be so chosen as not to change
the scale in any particular direction of interest, i.e., along a line
from the Teak to the dry well.

The diffusion "constant" X will be taken as being a function of U
and as having the form

Ky if U

={ 1 Y
KZ if U

12
o (12)

iy A
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This is an approximation to the physical situation. Fluid moves
stowly in relatively dry soil and much faster at a certain level of
ground moisture represented by Ué It is A~y = 0.10. The corresponding
va?ugs of K are denoted by Ki Kz: Kp is A10-5 cmzfsec, and Ko 1is

vig-</sec. That is, Ko is 1,000 times Kj.

Let r denotex/&l + Xz .+, x2 so that r is the distance from
the l1eak. Hereafter, U and A will be taken as functions of r and of
t = time. Now

U _ 7oV, n-13y

£ i el T | (13)
Ky for U< Uy

K=k, for u 3z U (15)

It is assumed that a constant level of ground moisture is present
with a value of Ug (i.e., U = Ug for t = 0). The leak is assumed to
start at time, t = Q, and have a constant flow rate. The expression
for the Tleak rate takes two forms. For the case n = 3 (i.e., uncon-
strained plume), the leakage rate is simply S (with units volume/time}.
In the case n = 2, with the Jeak constrained by impermeable layers at a

distance H apart, the leak rate is S/H (with units area/time, or volume/
length/time).

Method for Solving Diffusion Eguat¥ons

The methed for solving the equations for U is first to obtain a
solution Uipt for

(16)

8«6
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for r < R{t), where R(t) is the value of r for which

Uint = U1 (17)

Then obtain a solution Ugyt of

2
al _ a-U . n-l 3U
EA B ow A b (18)

for r 2 R(t), so as to satisfy the patching conditions when r = R(t)

Uext = Uint (19)
au al.

ext . Tint

ar ar (20)

The solution U is then the result of patching these two equations to-
gether. The location of r = R(t) will be called the leak front.

In the casa n = 2 (i.e., the plume confined between impermeable
layers) there is a leak front only when the leak rate S is sufficiently
large, i.8., when

S > 4mkpH(Uy - Ug)

In this case, the plume will be well described by the Isaacsan model.

If the leak rate is small so that no leak front forms, an explicit solu-
tion is given by U = Uayxt for all r and t. In the case n = 3 (i.e., an
unconfined plume), a leak front always exists. Moreover, R{t) will
approach a limiting value Rg which will be small. There wiil be sub-
stantial leakage across the Teak front so that U = Ugxt will be the
significant solution at a dry well. Expressions for Uint, Uext are
given later. }

The solution of the equation for A is obtained by the method of

characteristics. A first order equation M%é - N%%-= 0 has the follaowing
features:

. ¢ If B is any nontrivial solution, then the general solution,
A, is given by A = F(8) for an arbitrary function F.

8~7
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o The solution A is constant along the solution curves of
Ndr+Mdt=0. If

dr _ M
at N

then
dA _ aAdr . 3A _ M 3A . 3A .
T RN T 0

e If B{r,t) =0 is the solution of N dr + M dt = 0, then B is a
solution of the partial differential equation.

o The equation N dr + M dt = 0 has a solution B = / N dr when

al _ aM
the equation is exact, that is, when = 3T 5
Now
2
gr rﬂ 1 aU = i 1%y - (n_l)rn-Z al 1(grU - -nr E) (21)

and so the differential equation for U can be written

5 ¢eaM=1lyy - w3 gan-l uU -3 n-1 aU
() s K (T ) s = (KT =)

(22)
Thus (P~ lu)dr + (ke 24t = 0 is exact. Hence its solution, B8, is a

or
solution of U 28 = k 29 2 (arter multiplying by r"~!) and hence 8 =

e lU dgr. Thus A = F(Irn'lu dr) for some function F. The detearmination
of F remains to be carried out.

COMPARISON OF DIFFUSION AND ISAACSON MODELS

The Isaacson model assumes that U (or perhaps V) is uniformly dis-
tributed inside a region r = R(t), and that U {or V) is a constant value
independent of time for r < R(t). Thus for n = 3 {unconfined plume),

R{t) = Const. 3/t , and for n = 2 (confined plume), R(t) = Const. }/ t.

B-8
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Solutions for the Confined Plume

The sol c Uyt ¢ (32”int 1 ¥inty (in the case n = 2)
e solution o — = 2 —
3r 1 er ko3

is Uint = Up + S/(4rKaH) exp(-r2/4Kat). The leak front r = R(t) is the
solution, for r is a function of t, of Up = Up + S/(4nK2oH) exp(-r2/4K2t),

which is R(t) = /log 3 « /AK,t. This is valid only

for log o Htgl oy > 0 that s, for S > 4xkpH(Uy - o). If
S < 4wkoH(Ur - Ug), the solution is U = Ujnt = Ug + S/(4nK1H) exp(-r2/4K1t).
If S»> 4nK%H(U1 - Ug), the exterior solution, Uaxt, is determined as
follows: The first step is to determine the amdunt of leak fluid contained
behind the leak front. The total amount of fluid leaked is St at time t,
and the amount behind the front is the integral over r ¢ R(t) of (U - Ug)
times the element of volume H « rdr « dg (in polar coordinates). The

amount is:

2 ]
EﬁfﬁF e He 2p IEH r e " /Kty (23)
-R2(H) /8K, t
=St (1 - e 1% (24)
= St (1 - ™ 109(S/4mK H(Uy - Ug))y (25)
4eK.H(Us = Un)
a St (1 - —% 51 0 (26)
Now S is < 1, so a constant fraction
ArK H{U, - UL)
St(1—0= 31 0% (27)
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of the fluid moves outside the leak front r = R(t). Taking Ugyt in the
form

- = -r
Yext = Yo * T (28)

for some constant o, and such that

Uaxt = U1 at r = R(t) (29)
gives
. _(;g_ (RE)Z)
- [=) e a’ﬂ' t
Up = Ug = KHKZH 1 2 (30)
5o that
5 (’<2 1)+ S
= gmomr—uy) K1 : (32)
2 1 0
Since
TR '-s(a 77 <! (33)
21 0

and K2/Ky is about 1,000, o is very small, and Ugxt is close to Up for

r only slightly > R{t).

8-10
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Consequently, the solution is closely givgn by

2
= S -ro/oK, L
4 UO + w ] 1* for r < R(t) (34)

, = Ug for r > R(t) (35)

Moreover, the derivative of U with respect to r is small for all r and

t except for r or t close to 0. Thus, U can be taken as substantially
constant for r ¢ R(t) except close to the leak or during early stages

of formation of the plume. This result is essentially the same as given
by the Isaacson model. -

For small leak rates, the confined plume departs from the Isaacson
model since no leak front develops. However, the significant quantity
is

V=F(8)U (36)
where

8= rUdr (37)
This is due to the fact that detection of the leak depends on V rather

than U.

Now F(B) at time t = 0 is O for r > O, and is 1 for r = 0. Inte-
grating for 8 gives

' u 2
0.2 St ~r/AKL
8 T - Fme 1

(38)

so that

wm
n

0 whenr =0, t =20

(39},
8>0 whenr >0, t =0 )

g-11
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Consequently,
F(B) =1 wheng <0
(40)
F(B) = 0 when 8 > 0.
That is,
Yo 2 st -ré/ak.t
V=0 for > Eme 1 {41)
and
U 2 L]
V=U,,, for ?Q r2 < %%ﬁ RUNASTE (42}

This means that V shows a Teak front; the previous argument then applies
to V to show that the Isaacson model is a good approximation. -

Solution for the Unconfined Model

The interior solution for n = 3 is

2
U = Ug * ;375-’2@ 3 A ™S ds (43)
Using the ﬁotation
2 = -52
erfc (x) v e ds (44)
the soiution is
Uspe = Ug + o=+ & erfc ‘Jz(ﬂ%' (45)
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The function erfc (x)} has the fellowing behavior:

erfc (0) =1 (486)

2

erfc (x) & 3—2- as X+ (47)
X

Consequently, for Uy > Ug (which is always the case} the equation

- S 1 {r)
U1 7% o, F et vaGE (48)
or’
4k, (Uy = Un)
1 (r) 72717 %0
Ferfe st 3 (49)

always has a unique solution r = R(t). Moreover, as t+« so that

v
#Rz -+ 0, the equation becomes ?l_- = . Thus, R(t) tends to

S

S .
Ry = as a limit.
0 4TrK2(U1 - UO}

A natural length Rg is thus defined and a natural time tg is given by

2 2
R R

T = lor tg = g -
Koty 2

A lengthy computation which will not be given here shows that:

(1) For t < tg, almost all the leak fluid is confined behind the
leak front at t = tg.

i / t iy
{2) 1initially R(t) expands at the rate const. (T3§_TEE7ET)’ which
is very much faster than /E-(or 3/%)

3-13
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(3) For t > tg, R(t) is approximately R(t) % Rg * (1-tp/t).

(4) For t > 3tg, R{t) can be taken as approximately Rg; the fluid
Teaks through the Jeak front at the same rate at which it
enters the leak.

An approximate value for Rp and tp can be cobtained with the typical
values

S = 0.03 gal/min = 1.9 em3/sec
Up = 0.10
Ug = 0.05
Kz = 10-2 cmé/sec.
Then Rg = 30 em » 1 ft and tp = 22,500 sec % 6 1/2 hr. If U7 = 0.10

and Ug = 0.09 then Rop = 5 ft and tg = 153 hr £ 1 week. Thus, for dry
wells outside a distance of 5 ft from the ]eak only the exterior
solution is significant.

The exterior solution for t > tp can be taken in the form (for
some @)

+ .9

- 1 r
ext "o YT erfe (Jﬁﬁlt)

where the rate of Teakage at r = Rp is that produced by _the motion of
leak fluid through the sphere at a constant rate S/4mRg2, for t > tg.
That is

Uy = Ug + E%K; . %a erfe (s RO z) (50)
and since erfc (Ro//8K1t) # 1 for t > tg,

g = 4nK2(U1 - UO) Rg ' (51)

Ry = > - | (52)

B-14
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Thus
U = |J, + . l-erfc ( o—)
ext 0 EnKZ r ¢IK1t

Consequently, the total solution for U is

(1) For t g to,

u=u0+a§Rg-éerfc (ﬂg-z-f) for r < R(t)

o
i

= Uy for r > R(t)

(2) For t > to,

Uu=u, + S _ . l'erfc { L ) for r < R
g EﬂKZ r /1E2t = g

- S 1 r
U—UD +zﬁr"K—'-r-_-ET‘fC (W) ‘FOY‘T‘>R0

(53)

(54)

(57)

(58)

The special solution 8 of the differential equation for A is then, for

r > Rgs,

Yo 3. s

r r r
3— 41TK2 T 17~ 'ZKlt erfc (VZKlt) d vmzlE

B-15
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= g-rt 4 Kz— t r5 = r'/,/zlﬁlt s erfc (s) ds (61)
Now
2 8, .= -x2
/s erfc (s) ds = S (fs e dx) ds (62)

and an integration by parts yields

: 2 2 -5
/s-.rs (rg e™* dx) ds = (;—- - %;) erfc(s) - -57-%;— (63)
50
2/4U,t
X -r 1
Ug 3 K43 2

‘ re
g =1+ K, t - [(-BEF - %-) erfc (/4-51—1._) - 2/4nlst 1 (64)

U 2 Ke$S U 2/U. %, t
_ 0.3 r°S 1 r 1 r -r=" 7171
"yt (‘81'(; - I_Kzt) erfc (¢4K1t) " /AR, T € (65)
Then A = F(B). MNow for t = 0, A=Agatr =0and A =0 for r > 0.
Also .
U
g =21 for t =0 (66)
Consequently, F(B) = Ag for 8 £ 0 and F(8) = 0 for 8> 0.
Now for t large, both
r
erfe (/a—fl»f) (67)
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and
R
e 1 (68)
are close to 1, while r/V3KIE is close to 0. Thus
U KoS
0.3 2
BRX—r" - t (69)
3 EKI

Again au/ar

where C and
larger than
obtained by

is small, so the result for V is that

= C for r £ CIE{- (71}
=0 for r 2 Cléé_ (72)
C1 are appropriate constants. When t is large and r is

a few feet. This is again essentially the same result as
the Isaacson model.
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